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(57) ABSTRACT

An edge detector includes flip-flops recerving phase signals
ol a ring oscillator, a resetter canceling the reset states of the
tlip-tlops at the edge timing of an 1nput signal, and a logical
operator performing a logical operation on output signals of
the tlip-flops. A phase state detector detects a phase state of
the ring oscillator occurring at the edge timing of the input
signal based on the output signals of the tlip-tlops. A time-to-
digital converter converts an edge interval between the mnput
signal and an output signal of the logical operator into a
digital value. A latch latches a value of a counter counting the
number of cycles of an output signal of the ring oscillator, at
the edge timing of the input signal. An operator calculates a
digital value of a received signal from output signals of the
latch, the phase state detector, and the time-to-digital con-
verter.
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1
TIME-TO-DIGITAL CONVERTER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This 1s a continuation of International Application No.
PCT/IP2012/004241 filed on Jun. 29, 2012, which claims
priority to Japanese Patent Application No. 2011-246701
filed on Nov. 10, 2011. The entire disclosures of these appli-
cations are icorporated by reference herein.

BACKGROUND

The present disclosure relates to time-to-digital converters
which digitize analog temporal information.

Advances 1n digital phase-locked loop circuits have 1n
recent years lead to an extensive development of time-to-
digital converters. A typical time-to-digital converter
includes aring oscillator and a latch circuit. A preceding input
signal 1s allowed to propagate 1n a ring oscillator, and each
phase signal 1n the ring oscillator 1s latched using a following,
input signal, and the latched phase state 1s output as a digital
value corresponding to a time 1nterval between edges of the
input signals.

When a time-to-digital converter 1s applied to a time 1nter-
val analyzer etc., the time-to-digital converter 1s required to
be able to measure a longer time diflerence. If the period of
the ring oscillator 1s extended 1n order to meet the require-
ment, the circuit scale significantly increases. Therelore, a
counter which counts the number of cycles of the output
signal of the ring oscillator may be added to the time-to-
digital converter to extend the measurement range without an
increase 1n circuit scale or a reduction 1n detection accuracy
(see, Tor example, Japanese Unexamined Patent Publication
No. H03-220814).

There 1s also a demand for a time-to-digital converter hav-
ing an improved resolution of digital conversion in addition to
the extended measurement range. In the above conventional
technique, while the measurement range can be extended
without an 1increase 1n circuit scale, the resolution 1s no higher
than the imnverter delay of the ring oscillator, 1.e., 15 not suifi-
cient. Therefore, there 1s a need for a time-to-digital converter
which simultaneously has a wide measurement range and a
high resolution.

SUMMARY

According to an aspect of the present disclosure, for
example, a time-to-digital converter for converting an edge
interval of an mput signal into a digital value, includes a ring
oscillator, an edge detection unit including a plurality of
tlip-tflop units configured to receive a plurality of phase sig-
nals, respectively, obtained by equally dividing the oscillation
period of the ring oscillator, at the respective clock input
terminals thereot, a reset unit configured to cancel reset states
of the plurality of flip-flop units at the timing of an edge of the
input signal and reset the plurality of flip-tlop units thereaftter,
and a logical operation unit configured to perform a logical
operation on output signals of the plurality of flip-flop unaits,
a phase state detection unit configured to detect a phase state
ol the ring oscillator occurring at the timing of the edge of the
input signal based on the output signals of the plurality of
tlip-flop units, a time-to-digital conversion unit configured to
convert an edge interval between the mput signal and an
output signal of the logical operation unit into a digital value,
a counter unit configured to count the number of cycles of an
output signal of the ring oscillator, a latch unit configured to
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2

latch a count value of the counter unit at the timing of the edge
of the input signal, and an operation unit configured to cal-
culate a first and a second digital value each containing an
output signal of the latch unit 1n more significant bits, an
output signal of the phase state detection unit in intermediate
significant bits, and an output signal of the time-to-digital
conversion unit i less significant bits, for a first and a second
input signal, respectively, successively 1mput to the time-to-
digital converter, and calculate a difference between the digi-
tal values.

Therefore, a wide measurement range can be achieved by
the counter unit and the latch unit. Also, the edge detection
unit detects the edge of one of the phase signals which occurs
at the earliest after the timing of the edge of the mput signal,
and then the time-to-digital conversion unit converts a time
difference between the earliest edge and the edge of the input
signal into a digital value. In other words, the time-to-digital
conversion unit converts time information shorter than the
inverter delay of the ring oscillator into a digital value, result-
Ing in an improvement in resolution.

The time-to-digital converter may further include an even-
numbered and an odd-numbered phase measurement unit
cach including the edge detection unit, the phase state detec-
tion unit, the time-to-digital conversion unit, the counter unat,
and the latch unit. Phase signals having even-numbered
phases of the ring oscillator may be input to the respective
corresponding clock input terminals of the plurality of flip-
flop units of the edge detection umt included in the even-
numbered phase measurement unit. Phase signals having
odd-numbered phases of the ring oscillator may be input to
the respective corresponding clock input terminals of the
plurality of flip-tlop units of the edge detection unit included
in the odd-numbered phase measurement unit. The counter
units included 1n the even-numbered and odd-numbered
phase measurement units may count the numbers of cycles of
phase signals having different phases of the ring oscillator.
The operation unit may calculate the first and second digital
values by selectively using signals output from the even-
numbered phase measurement unit and signals output from
the odd-numbered phase measurement unit.

The time-to-digital converter may turther include a first
and a second phase measurement unit each including the edge
detection unit, the phase state detection unit, the time-to-
digital conversion unit, the counter unit, and the latch unat,
and configured to receive the first and second input signals,
respectively. The operation unit may calculate the first digital
value from signals output from the first phase measurement
umt, and the second digital value from signals output from the
second phase measurement unit.

The time-to-digital converter may further include a first
and a second phase measurement unit each including the
even-numbered and odd-numbered phase measurement
units, and configured to recerve the first and second input
signals, respectively. The operation unit may calculate the
first digital value by selectively using signals output from the
even-numbered phase measurement unit included 1n the first
phase measurement unit and signals output from the odd-
numbered phase measurement unit included 1n the first phase
measurement unit, and calculate the second digital value by
selectively using signals output from the even-numbered

phase measurement unit included 1n the second phase mea-
surement unit and signals output from the odd-numbered
phase measurement unit included 1n the second phase mea-
surement unit.
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The ring oscillator may be a voltage-controlled oscillator
of a phase-locked loop (PLL).

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram showing a configuration of a time-to-
digital converter according to a first embodiment.

FIG. 2 1s a diagram showing a configuration of an example
edge detection unit.

FI1G. 3 1s atiming chart of the edge detection unit having the
configuration of FIG. 2.

FIG. 4 1s a diagram showing a configuration of an example
phase state detection unat.

FIG. 5 1s a diagram showing a configuration of a time-to-
digital converter according to a second embodiment.

FIG. 6 1s a diagram schematically showing how the output
signal of a time-to-digital conversion unit 1n an even-num-
bered phase measurement unit and the output signal of a
time-to-digital conversion unit 1n an odd-numbered phase
measurement unit are selectively used.

FIG. 7 1s a diagram schematically showing how a count
value of the even-numbered phase measurement unit and a
count value of the odd-numbered phase measurement unit are
selectively used.

FIG. 8 1s a diagram showing a configuration of a time-to-
digital converter according to a third embodiment.

FIG. 9 15 a diagram showing a configuration of a time-to-
digital converter according to a fourth embodiment.

FI1G. 10 1s a diagram showing a configuration of a time-to-
digital converter according to a fifth embodiment.

DETAILED DESCRIPTION

Embodiments of the present disclosure will now be
described with reference to the accompanying drawings.

First Embodiment

FIG. 1 shows a configuration of a time-to-digital converter
according to a first embodiment. The time-to-digital con-
verter of this embodiment includes a ring oscillator 1, an edge
detection unit 2, a phase state detection unit 3, a delay unit 4,
a time-to-digital conversion unit (TDC) 5, a counter unit 6, a
latch unit 7, and an operation unit 8. The time-to-digital
converter of this embodiment converts a time interval
between edges (heremnafter referred to as an “edge interval™)
of signals IN which are input successively or at different times
into a digital value, and outputs the digital value OUT. The
signal IN may have either a positive or negative logical value.
In the description that follows, the signal IN 1s assumed to be
a positive logical signal for the sake of convenience. When the
signal IN 1s a negative logical signal, the configuration
described below may be suitably modified.

The ring oscillator 1 includes a plurality of delay elements
(not shown) which are connected together 1n the shape of a
ring. The delay element may be a NOT gate, a differential
input/output amplifier, etc. For example, when a differential
iput/output amplifier 1s employed, the ring oscillator 1 may
be configured by connecting the differential output of one
amplifier to the differential input of the other amplifier, where
the differential output of one amplifier 1s mverted before
being mput to the differential input of the other amplifier. The
delay elements of the ring oscillator 1 output respective phase
signals of the ring oscillator 1. These phase signals represent
phases which are obtained by equally dividing the oscillation
period of the ring oscillator 1.
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4

The edge detection unit 2 recetves a signal IN and a plu-
rality of phase signals output from the ring oscillator 1, and
detects the edge of one of the phase signals which occurs at
the earliest after the timing of the edge of the signal IN. FIG.
2 shows an example configuration of the edge detection unit
2. FIG. 3 1s an example timing chart of the edge detection unit
2. For example, the edge detection unit 2 includes a plurality
of thip-flop units 21, a reset unit 22, and a logical operation
unit 23. Specifically, the tlip-tlop units 21 are each a D {tlip-
flop. A high-level signal i1s connected to the data input termi-
nal of each flip-flop unit 21. The phase signals of the ring
oscillator 1 are connected to the respective corresponding
clock 1nput terminals of the thp-flop units 21. An nverted
version of the output signal of the reset unit 22 1s connected to
the reset input terminal of each tlip-flop unit 21. The tlip-tlop
units 21 each catch the edge of the corresponding phase signal
which 1s recerved when the flip-flop umt 21 1s 1n the reset
canceled state, and output an individual edge detection signal.

The individual edge detection signals output from the tlip-
flop units 21 are mput to the logical operation unit 23. Spe-
cifically, the logical operation unit 23 1s a multiple-input OR
gate. The logical operation unit 23 calculates the logical dis-
junction (logical OR) of the individual edge detection signals
output from the tlip-flop units 21, and outputs an integrated
edge detection signal. Specifically, when any of the individual
edge detection signals goes high, the integrated edge detec-
tion signal goes high.

The reset unit 22 cancels the reset states of the flip-flop
umts 21 at the timing of the edge of a signal IN, and after some
short period of time has passed after the reset cancellation,
resets the tlip-tlop units 21. Specifically, the reset unit 22 may
be a circuit which outputs the negation of the logical disjunc-
tion (logical NOR) of the integrated edge detection signal of
the logical operation unit 23 and an inverted version of a
signal IN. By controlling the resetting of the tlip-tlop units 21
using an mverted version of the output signal of the reset unit
22, the reset states of the flip-tlop units 21 are canceled at the
timing of the edge of a signal IN, and the flip-tlop units 21 are
reset at the timing of the edge of the integrated edge detection
signal.

In the edge detection unit 2 thus configured, even 1f a rising,
edge occurs 1n a phase signal before the timing of the edge of
a signal IN, the rising edge does not cause a change 1n an
individual edge detection signal. The edge of a phase signal
which 1s mput when the flip-tlop unit 21 1s in the reset can-
celed state after the timing of the edge of a signal IN emerges
as the edge of an individual edge detection signal. By calcu-
lating the logical OR of the individual edge detection signals,
one of the phase signals which occurs at the earliest after the
timing of the edge of a signal IN can be detected.

Note that the logical operation umit 23 may be a multiple-
input NAND gate which calculates the negation of the logical
conjunction (logical NAND) of the iverted outputs of the
tlip-tflop units 21. The reset unit 22 may be a pulse generation
circuit which outputs a one-shot pulse having a pulse width
similar to the imverter delay of the ring oscillator 1 using the
timing of the edge of a signal IN as a trigger.

Referring back to FIG. 1, the phase state detection unit 3
detects the phase state of the ring oscillator 1 which occurs at
the timing of the edge of a signal IN, based on the individual
edge detection signals output from the tlip-tlop units 21 of the
edge detection umit 2 (see FIG. 2). FIG. 4 shows an example
configuration of the phase state detection unit 3. For example,
the phase state detection unit 3 includes a plurality of logical
operation units 31, a plurality of flip-flop units 32, and a reset
unit 33. Specifically, the logical operation unit 31 1s an AND
gate. The logical operation unit 31 recerves two individual
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edge detection signals having adjacent phases to calculate the
logical AND of the “individual edge detection signal having
the preceding phase” and an mverted version of the “indi-
vidual edge detection signal having the following phase.”

Specifically, the reset unit 33 1s a pulse generation circuit
which outputs a one-shot pulse using the timing of the edge of
a signal IN as a trigger. Specifically, the tlip-flop units 32 are
cach a D thip-tlop. A high-level signal 1s connected to the data
input terminals of the flip-flop units 32. The output signals of
the logical operation units 31 are connected to the respective
corresponding clock mput terminals of the flip-tlop units 32.
An mverted version of the output signal of the reset unit 33 1s
connected to the reset input terminals of the flip-tlop units 32.
The tlip-flop units 32 are 1n the reset canceled state during a
period of time during which the reset unit 33 1s outputting a
one-shot pulse, and are in the reset state during the other
period of time. The output signals of the flip-tflop units 32
form a multiple-bit phase state signal which indicates the
phase state of the ring oscillator 1 at the timing of the edge of
a signal IN.

Here, one half of the output phase of the ring oscillator 1 1s
a rising edge, and the other half 1s a falling edge. Therelore,
the phase state of the ring oscillator 1 can be detected by
finding out a boundary between the rising and falling edges.
As described above, a rising edge does not occur 1n an 1ndi-
vidual edge detection signal corresponding to a phase signal
whose rising edge occurs before the timing of the edge of a
signal IN. A rising edge occurs 1n an individual edge detection
signal corresponding to a phase signal whose rising edge
occurs after the timing of the edge of a signal IN. Therefore,
if the thip-tlop unmits 32 are set to the reset canceled state for a
predetermined period of time after the timing of the edge of a
signal IN, only the logical operation unit 31 which receives an
individual edge detection signal having a rising edge as the
“individual edge detection signal having the preceding
phase” outputs a high-level signal, and only the tlip-tlop unit
32 which recerves the high-level signal at the clock put
terminal thereof outputs a high-level signal. Thereatfter, based
on the phase state signal, the phase state of the ring oscillator
1 at the timing of the edge of the signal IN can be detected.

Referring back to FIG. 1, the delay unit 4 delays an input
signal IN and then outputs the delayed signal. The amount of
a delay provided by the delay unit 4 1s set to be similar to a gate
delay caused by the flip-tlop unit 21 and the logical operation
unit 23 of the edge detection unit 2 (see FIG. 2). This 1s
because, as shown in FIG. 3, the edge interval between a
signal IN and a phase signal whose rising edge occurs imme-
diately after the timing of the edge of the signal IN, 1s repro-
duced as the edge interval between the integrated edge detec-
tion signal output from the logical operation unit 23 and the
output signal (delayed signal IN) of the delay unit 4.

The time-to-digital conversion unit 5 converts the edge
interval between the integrated edge detection signal output
from the logical operation unit 23 (see FI1G. 2) and the output
signal of the delay unit 4 into a digital value. In other words,
the time-to-digital conversion unit S converts time 1forma-
tion shorter than the inverter delay of the ring oscillator 1 into
a digital value.

Note that the delay unit 4 may be removed. In this case,
while an offset corresponding to the gate delay caused by the
tlip-flop unit 21 and the logical operation unit 23 is super-
posed on the time difference 1mnput to the time-to-digital con-
version unit 5 (see FI1G. 2), the offset can be canceled 1n the
digital domain.

The counter unit 6 counts the number of cycles of an output
signal which 1s any one of the phase signals output from the
ring oscillator 1. The latch unit 7 latches the count value of the
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6

counter unit 6 at the timing of the edge of a signal IN. The
latched count value represents time information which 1s
longer than one period of the ring oscillator 1.

The operation unit 8 receives the output signals of the
phase state detection unit 3, the time-to-digital conversion
unit 5, and the latch unit 7, and calculates a digital value
containing the output signal of the latch unit 7 in more sig-
nificant bits, the output signal of the phase state detection unit
3 in intermediate significant bits, and the output signal of the
time-to-digital conversion unit 5 1n less significant bits. More
specifically, the output signal of the output signal of the latch
unmit 7 and the output signal of the phase state detection unit 3
are added together as a value in upper places (orders of
magnitude) and a value 1n lower places, respectively, and the
output signal of the time-to-digital conversion unit 3 1s sub-
tracted as a value 1n lower places, to calculate the digital
value. It 1s desirable that a value indicating the edge interval
between a phase signal whose rising edge occurs immediately
before the timing of the edge of a signal IN and the signal IN
should be added as a value 1n the lowest places. However, the
rising edge ol a phase signal which occurs before the timing
of the edge of a signal IN cannot be detected, and therefore,
for the sake of convenience, a value indicating the edge inter-
val between a signal IN and a phase signal whose rising edge
occurs immediately after the timing of the edge of the signal
IN 1s subtracted as a value 1n the lowest places. The operation
unit 8 calculates the above digital value every time a signal IN
1s 1input to the time-to-digital converter, and calculates a dii-
terence between digital values which are calculated from two
successively mput signals IN, as the digital value OUT.

As described above, according to this embodiment, a time-
to-digital converter can be provided which has an extended
measurement range and an improved resolution.

Second Embodiment

FIG. 5 shows a configuration of a time-to-digital converter
according to a second embodiment. The time-to-digital con-
verter of this embodiment includes a ring oscillator 1, an
even-numbered phase measurement unit 10, an odd-num-
bered phase measurement unit 11, and an operation unit 8. A
difference between the first and second embodiments will
now be described.

The even-numbered and odd-numbered phase measure-
ment units 10 and 11 each have a configuration similar to that
of the first embodiment in that the above-described edge
detection unit 2, phase state detection unit 3, delay umit 4,
time-to-digital conversion unit 3, counter unit 6, and latch
unit 7 are provided, and a signal IN 1s input. Note that a phase
signal having an even-numbered phase output from the ring
oscillator 1 1s input to the even-numbered phase measurement
unmit 10, and a phase signal having an odd-numbered phase 1s
input to the odd-numbered phase measurement unit 11. Spe-
cifically, even-numbered phase signals are input to the respec-
tive corresponding clock input terminals of the tlip-tlop units
21 (see FIG. 2) n the edge detection unit 2 of the even-
numbered phase measurement unit 10, and odd-numbered
phase signals are input to the respective corresponding clock
input terminals of the thip-tlop umits 21 (see FI1G. 2) inthe edge
detection unit 2 of the odd-numbered phase measurement unit
11. The counter unit 6 of the even-numbered phase measure-
ment unit 10 and the counter unit 6 of the odd-numbered
phase measurement unit 11 count the numbers of cycles of
phase signals having different phases. For example, phase
signals having phases which are different from each other by
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180 degrees are mput to the counter units 6 of the even-
numbered and odd-numbered phase measurement units 10

and 11.

The operation unit 8 calculates a digital value by selec-
tively using signals output from the even-numbered phase
measurement unmit 10 and signals output from the odd-num-
bered phase measurement unit 11. FIG. 6 schematically
shows how the output signal of the time-to-digital conversion
unit 5 in the even-numbered phase measurement unit 10 and
the output signal of the time-to-digital conversion unit S in the
odd-numbered phase measurement unit 11 are selectively
used. As described above, the time-to-digital conversion unit
5 converts the edge interval between a signal IN and a phase
signal whose rising edge occurs immediately after the timing
of the edge of the signal IN 1nto a digital value. Theretore, as
the delay of the timing of the edge of a signal IN 1ncreases, the
edge interval becomes shorter, and the output value of the
time-to-digital conversion unit 5 decreases. I the delay of the
timing of the edge of a signal IN exceeds a predetermined
amount, the phase signal to be compared 1s switched to a
phase signal having the next phase, and therefore, the output
value of the time-to-digital conversion unit S rapidly changes
from the minimum value to the maximum value. This phase
change alternately occurs between the even-numbered and
odd-numbered phase measurement units 10 and 11. There-
fore, the operation unit 8 calculates a digital value using one
of the output signal of the time-to-digital conversion unit 5 1n
the even-numbered phase measurement unit 10 and the output
signal of the time-to-digital conversion unit 3 1n the odd-
numbered phase measurement unit 11, that i1s closer to the
middle value, and a phase state signal corresponding to that
output signal. As a result, the digital value can be stably
calculated while avoiding the timing when the output value of
the time-to-digital conversion unit 5 rapidly changes.

FIG. 7 schematically shows how the count value of the
even-numbered phase measurement unit 10 and the count
value of the odd-numbered phase measurement unit 11 are
selectively used. As shown in FIG. 7, the timing when the
count values of the even-numbered and odd-numbered phase
measurement units 10 and 11 change and the timing when the
phase state of the ring oscillator 1 change may have slightly
different phases. Therefore, the digital value 1s likely to be
incorrectly calculated before and after the timing of the
change of the count value. Therefore, the operation unit 8
calculates the digital value using one of the count value of the
even-numbered phase measurement unit 10 and the count
value of the odd-numbered phase measurement unit 11, that1s
closer to the middle of the count period. The middle of the
count period may be found out, for example, by measuring
one period of the counter unit 6 at intervals which are sufli-
ciently shorter than one period of the counter unmit 6. As a
result, the digital value can be stably calculated while avoid-
ing a portion where the timing of the change of the count value
and the timing of the phase state of the ring oscillator 1 do not
have the same phase.

Third Embodiment

FIG. 8 shows a configuration of a time-to-digital converter
according to a third embodiment. The time-to-digital con-
verter of this embodiment 1includes a ring oscillator 1, a first
phase measurement unit 12, a second phase measurement unit
13, and an operation unit 8. A difference between the first and
third embodiments will now be described.

The first and second phase measurement units 12 and 13
have a configuration similar to that of the first embodiment in
that the above-described edge detection unit 2, phase state
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detection unit 3, delay unit 4, time-to-digital conversion unit
5, counter unit 6, and latch unit 7 are provided. Note that a
signal IN1 1s input to the first phase measurement unit 12, and
a signal IN2 1s input to the second phase measurement unit 13.
The operation unit 8 calculates a digital value representing the
timing of the edge of the signal IN1 from signals output from
the first phase measurement unit 12, and a digital value rep-
resenting the timing of the edge of the signal IN2 from signals
from the second phase measurement unit 13, and calculates a
difference between these digital values as a digital value
OUT.

In the time-to-digital converter of the first embodiment,
when the edge interval between two successively mput sig-
nals IN 1s shorter than the data throughput of the time-to-
digital converter, time-to-digital conversion 1s unlikely to be
correctly performed. In contrast to this, the time-to-digital
converter of this embodiment includes two phase measure-
ment units each of which include the edge detection unit 2, the
phase state detection unit 3, the delay unit 4, the time-to-
digital conversion unit 3, the counter unit 6, and the latch unit
7. Theretfore, the time-to-digital converter of this embodiment
can calculate digital values representing the signals IN1 and
IN2 independently. Therefore, even when the edge interval
between the signals IN1 and IN2 1s short, time-to-digital
conversion can be correctly performed.

Fourth Embodiment

FIG. 9 shows a configuration of a time-to-digital converter
according to a fourth embodiment. In the time-to-digital con-
verter of this embodiment, the first and second phase mea-
surement units 12 and 13 of the time-to-digital converter of
the third embodiment each include the even-numbered and
odd-numbered phase measurement units 10 and 11 as 1n the
second embodiment. In this embodiment, the advantages of
the second and third embodiments allow for more stable
conversion of a shorter edge 1nterval into a digital value.

Fitth Embodiment

FIG. 10 shows a configuration of a time-to-digital con-
verter according to a fifth embodiment. The time-to-digital
converter of this embodiment 1s the time-to-digital converter
of the first embodiment 1n which a voltage-controlled oscil-
lator of a phase-locked loop (PLL) 100 1s used as the ring
oscillator 1. The PLL 100 includes a phase comparison unit
101, a charge pump circuit 102, a loop filter 103, a frequency
division circuit 104, and the ring oscillator 1 as a voltage-
controlled oscillator. The frequency division circuit 104
divides the frequency of the output signal of the ring oscillator
1. The phase comparison umt 101 compares the phase of a
reference clock signal CKref with the phase of the output
signal of the frequency division circuit 104. The charge pump
circuit 102 outputs a charge current, depending on the output
signal of the phase comparison unit 101. The loop filter 103
performs a filtering process on the charge current to generate
a control voltage for the ring oscillator 1.

In this embodiment, the oscillation frequency of the ring
oscillator 1 1s stabilized to an integral multiple of the fre-
quency ol CKref, and therefore, the conversion accuracy of
the time-to-digital converter can be improved. Note that, in
the time-to-digital converters of the second to fourth embodi-
ments, the voltage-controlled oscillator of the PLL 100 can be
used as the ring oscillator 1.

As described above, the first to fifth embodiments have
been described as example techniques disclosed in the
present application. However, the techniques according to the
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present disclosure are not limited to these embodiments, but
are also applicable to those where modifications, substitu-
tions, additions, and omissions are made. In addition, ele-
ments described in the first to fifth embodiments may be
combined to provide a different embodiment.

Various embodiments have been described above as
example techniques of the present disclosure, 1n which the
attached drawings and the detailed description are provided.

As such, elements 1llustrated in the attached drawings or
the detailed description may include not only essential ele-
ments for solving the problem, but also non-essential ele-
ments for solving the problem in order to illustrate such
techniques. Thus, the mere fact that those non-essential ele-
ments are shown in the attached drawings or the detailed
description should not be interpreted as requiring that such
clements be essential.

Since the embodiments described above are intended to
illustrate the techniques i1n the present disclosure, it 1s
intended by the following claims to claim any and all modi-
fications, substitutions, additions, and omissions that fall
within the proper scope of the claims appropriately inter-
preted 1n accordance with the doctrine of equivalents and
other applicable judicial doctrines.

What 1s claimed 1s:

1. A time-to-digital converter for converting an edge inter-

val of an 1nput signal into a digital value, comprising:

a ring oscillator;

an edge detection unit including a plurality of flip-tlop
units configured to recerve a plurality of phase signals,
respectively, obtained by equally dividing the oscillation
period of the ring oscillator, at the respective clock input
terminals thereol, a reset unit configured to cancel reset
states ol the plurality of flip-flop units at the timing of an
edge of the input signal and reset the plurality of flip-flop
units thereaiter, and a logical operation unit configured
to perform a logical operation on output signals of the
plurality of thip-tflop units;

a phase state detection umt configured to detect a phase
state of the ring oscillator occurring at the timing of the
edge of the input signal based on the output signals of the
plurality of tlip-tlop units;

a time-to-digital conversion unit configured to convert an
edge interval between the mput signal and an output
signal of the logical operation unit into a digital value;

a counter unit configured to count the number of cycles of
an output signal of the ring oscillator;

a latch unit configured to latch a count value of the counter
umit at the timing of the edge of the input signal; and
an operation unit configured to calculate a first and a sec-
ond digital value each containing an output signal of the
latch unit 1n more significant bits, an output signal of the
phase state detection umt i1n mntermediate significant
bits, and an output signal of the time-to-digital conver-
s1on unit 1 less sigmificant bits, for a first and a second
input signal, respectively, successively input to the time-
to-digital converter, and calculate a difference between

the digital values.
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2. The time-to-digital converter of claim 1, turther com-

prising:

an even-numbered and an odd-numbered phase measure-
ment unit each including the edge detection unit, the
phase state detection unit, the time-to-digital conversion
unit, the counter unit, and the latch unit, wherein

phase signals having even-numbered phases of the ring
oscillator are input to the respective corresponding clock
input terminals of the plurality of flip-flop units of the
edge detection unit included 1n the even-numbered
phase measurement unit,

phase signals having odd-numbered phases of the ring
oscillator are input to the respective corresponding clock
input terminals of the plurality of flip-flop units of the
edge detection unit included in the odd-numbered phase
measurement unit,

the counter units included 1n the even-numbered and odd-
numbered phase measurement units count the numbers
of cycles of phase signals having different phases of the
ring oscillator, and

the operation unit calculates the first and second digital
values by selectively using signals output from the even-
numbered phase measurement unit and signals output
from the odd-numbered phase measurement unit.

3. The time-to-digital converter of claim 2, further com-

prising:

a first and a second phase measurement unit each including,
the even-numbered and odd-numbered phase measure-
ment units, and configured to recerve the first and second
input signals, respectively,

wherein

the operation unit calculates the first digital value by selec-
tively using signals output from the even-numbered
phase measurement unit included 1n the first phase mea-
surement unit and signals output from the odd-num-
bered phase measurement unit included 1n the first phase
measurement unit, and calculates the second digital
value by selectively using signals output from the even-
numbered phase measurement unit included 1n the sec-
ond phase measurement unit and signals output from the
odd-numbered phase measurement unmit included 1n the
second phase measurement unit.

4. The time-to-digital converter of claim 1, further com-

prising:

a first and a second phase measurement unit each including,
the edge detection unit, the phase state detection unit, the
time-to-digital conversion unit, the counter unit, and the
latch unit, and configured to recerve the first and second
input signals, respectively, wherein

the operation unit calculates the first digital value from
signals output from the first phase measurement unit,
and the second digital value from signals output from the
second phase measurement unit.

5. The time-to-digital converter of claim 1, wherein

the ring oscillator 1s a voltage-controlled oscillator of a
phase-locked loop (PLL).

G o e = x
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